Abstract. We investigate a laser wakefield excited by intense laser pulses, and the possibility of generating an intense bright electron source by an intense laser pulse. The coherent wakefield excited by 2 TW, 50 fs laser pulses in a gas-jet plasma around 10 18 cm~3 is measured with a time-resolved frequency domain interferometer (FDI). The results show an accelerating wakefield excitation of 20 GeV/m with good coherency. This is the first time-resolved measurement of laser wakefield excitation in a gas-jet plasma. The experimental results agree with the simulation results and linear theory. The pump-probe interferometer system of FDI will be modified to the optical injection system as a relativistic electron beam injector. In ID particle in cell simulation we obtain results of high quality intense electron beam generation.
INTRODUCTION
Laser-driven plasma accelerators have been conceived to be the next-generation particle accelerators, promising ultrahigh field particle acceleration and compact size compared with conventional accelerators [l] . In particular, it has been experimentally demonstrated that laser wake-field acceleration (LWFA) has great potential to produce ultrahigh field gradients excited by intense ultrashort laser pulses of the order of ~ 100 GeV/m [2] - [9] . The maximum energy gain has exceeded 100 MeV with an energy spread of ~ 100% due to dephasing and wavebreaking effects in the self-modulated LWFA regime, where thermal plasma electrons are accelerated [8] . The highest energy gain acceleration which exceeded 200 MeV was observed with the injection of an electron beam at an energy matched to the wakefield phase velocity in a fairly underdense plasma [9] .
In order to control the wakefield for the laser-plasma experiments, we need to measure the amplitude and the phase of the wakefield. A direct measurement of the plasma density oscillation can be done by means of ultrafast time-resolved frequency domain interferometry (FDI) [10] . Several measurements have been made with FDI to demonstrate wakefield excitation by ultrashort laser pulses in an underdense plasma [9] ,[ll]- [13] . These measurements have been done for a relatively low density plasma in a gas filled chamber using laser pulse durations around 100 fs and pump peak powers less than 1 TW. In these measurements the pump pulses were tightly focused to enhance the plasma wave excitation due to 2D effects. In a 2D dominant regime, where the pulse width is longer than a spot size, the radial wakefield is higher than the longitudinal one. Therefore a shorter pulse is preferable to generate a more ID coherent planar wakefield in the higher resonant plasma density. We have developed a pump-probe frequency domain interferometer consisting of a 2 TW pump laser pulse with a duration of 50 fs at a wavelength of 800 nm and two frequency doubled probe pulses split from the pump pulse with a variable delay. The measurement of laser wakefields has been made in a less 2D dominated regime to suppress radial effects [14] .
Recently novel schemes which use laser triggered injection of plasma electrons into the wakefield have been proposed as an optical injection. Presently there are three major schemes: nonlinear wavebreaking injection [15] , transverse optical injection [16] , and colliding pulse optical injection [17] [18] . The colliding pulse optical injection, whose energy spread is smaller than others, uses three short laser pulses. No proof-of-principle experiment for these schemes has been yet performed because of experimental difficulties. In the optical injection schemes, provided that the probe pulses are replaced with the injection pulses, the FDI system will be modified to the optical injection system for the laser wakefield. We are planning to develop an optical injection system for LWFA to generate an ultrashort electron beam with small energy spread and low transverse emittance. We estimate the optical injection by ID particle in cell (PIC) simulation.
Here, we present the laser wakefield excited by the intense laser pulse and the generation of the high quality relativistic electron beam. In section II the gas density measurements of the neutral gas and the laser wakefield measurement is described. In section III we present the simulation of the optical injection by using anomalous blueshift and a pump-probe mechanism, and in section IV conclusions are presented.
OBSERVATION OF LASER WAKEFIELD

Measurement of gas density distribution
The gas density was measured with a Mach-Zehnder interferometer as shown in Fig. 1 . A gas-jet nozzle with an orifice diameter of 0.8 mm is placed inside a vacuum chamber evacuated to 10~5 Torr. The interferogram is captured with a charge-coupleddevice (CCD) camera with an image intensifer. The opening duration of the gas-jet valve was 2 ms and the gate time of the CCD camera was 5 jtis. The distribution of the gas density can be calculated from the phase shift. Figure 2 shows a contour plot of the He gas density distribution at a backing pressure of 30 atm with a 1.6 ms delay. From measurements of nitrogen gas, it is found that the gas density distribution is uniform 1.5 mm from the gas-jet nozzle. Since the gas density is inversely proportional to the square of the distance from the nozzle and linearly proportional to the backing pressure, the neutral gas density of He gas is « 3.6 x 10 Beam Splitter FIGURE 1. A schematic of the Mach-Zehnder interferometer for measurement of the gas density distribution of the gas-jet. 
Measurement of wakefields
An intense ultrashort laser pulse produces a fully ionized plasma through optical field ionization on ultrafast time scales of the order of femtoseconds and excites electron density oscillations in the plasma behind the laser pulse. This plasma density oscillation can be measured by the frequency domain interferometry technique [10] [14] .
The experimental setup of the FDI is shown in Fig. 3 . The multi-TW 10 Hz Ti: sapphire laser pulse at a wavelength of 800 nm with a maximum energy of 135 ml and a duration of 52 fs (FWHM) is split into two beams. The reflected beam (80 %) is used as the pump pulse and the transmitted beam as the probe beam. The pump and probe pulses are focused by an off-axis parabolic mirror with a focal length of 15 cm. The focal spot images taken with a CCD camera show that the pump focused intensity profile is approximately a Gaussian distribution with a rms radius (at l/e) <J r = 8.9 jum, while the probe beam radius is <j rpr = 3 jum and centered on the pump beam. The peak pump intensity is 8.4 x 10 17 W/cm 2 (a 0 ~ 0.6), producing fully ionized He gas in the focal region. The probe beam is separated from the pump beam with a dichroic beam splitter after passing through the plasma and guided through an optical fiber into the spectrometer to analyze the interferograms. A part of the probe beam is sent directly to the spectrometer to make the reference fringes. The spectrometer is a Czerny-Turner type with a focal length of 1.33 m and a grating of 1800 gr/mm. The spectral resolution is 0.06 A. The phase shift at each position was obtained by averaging 50 shots of the phase shift data to reduce pulse-to-pulse fluctuations. The gas jet was operated at a backing pressure of 10 atm for He gas. The pump pulse was focused 1.5 mm below the end of the nozzle where a fully ionized plasma was expected with an electron density of 7.2 x 10 17 cm~3 from the neutral gas density measurements. Figure 4 shows the results of the wakefield measurement. In the region where the probe pulse was delayed after the pump pulse, a large amplitude density perturbation excited by the pump pulse was detected as indicated by the phase shifts shown in Fig. 4 (a) . From the phase shift data, the period and the amplitude of the electron density oscillation and the amplitude of the longitudinal wakefield are obtained as a function of time delay between the pump and the probe pulses. The oscillation period of the electron plasma wave is 130 ± 3.4 fs behind the pump. This plasma wave period corresponds to the electron density of 7 x 10 17 ± 8.5 x 10 15 cm~3 in linear wakefield theory, which is in good agreement with the electron density for the fully ionized He gas expected from the neutral gas density measurements. The measured density perturbation before damping is 
GENERATION OF ELECTRON BEAMS FROM LASER-PLASMA
The wakefield excited in the gas jet has good coherency and can be used for particle accelerators. This pump-probe interferometer system will be remade into a plasma cathode laser accelerator for high quality electron beam generation. In the plasma cathode schemes, provided that the probe pulses are replaced with the injection pulses, the FDI system will be modified to the optical injection system for the laser wakefield. 
Trapping electrons in wakefields
Three laser pulses, a pump pulse for wakefield excitation and two injection pulses for trapping the electrons in a plasma, construct a colliding optical injector [17] [18] . A colliding pulse optical injection scheme for LWFA is proposed and analyzed that uses three short laser pulses: an intense pump pulse (denoted by the subscript 0), a forward going injection pulse (denoted by the subscript 1), and a backward going injection pulse (denoted by the subscript 2). The frequency, wave number, and normalized intensity are denoted by, respectively, CD-, k t , and a t (i = 0,1,2) . Furthermore, cOj = eo 0 + Aeo (Ao) >0), co 2 -o) 0 , and o) 0 <C Ao) <C co p are assumed such that k\ = & 0 and k 2 --& 0 -The laser pulse of injection 1 is the frequency up-shifted pulse by an anomalous blueshift [19] . The pump pulse generates a fast wakefield. When the injection pulses collide, they generate a slow ponderomotive beat wave with a phase velocity v p . The phase velocity v p is given by
During the time in which the two injection pulses overlap, a two-stage acceleration process can occur; i.e., the slow beat wave injects plasma electrons into the fast wakefield for acceleration to high energies.
Electron beam generation by colliding pulse optical injection
We simulated colliding pulse optical injection for the pump pulse laser strength parameter of 1 and the injection pulses laser strength parameter of 0.3. The frequency of the forward going injection pulse co l is 6% blueshifted by the anomalous blueshift [19] . Figure 5 shows the results of the colliding pulse optical injection simulation for the plasma density n e of 7 x 10 17 cm~3. The graph on the left side shows y in phase space, and the graph on the right side shows an energy spectrum. In the phase space graph, the horizontal axis shows the position of the electrons. The length of 1 mm is 200 in the horizontal axis. In the energy spectrum, the vertical axis shows the number of particles in arbitrary units, and the horizontal axis shows the normalized energy y, where y = H/m^c 2 and E is the total energy of electrons. The accelerated electrons for the plasma density of 7 x 10 17 cm" 3 are shown in Fig. 6 (a) . The accelerated electrons have a pulse width of 14 fs, a peak energy of 7 MeV and an energy spread AE/E of 7%. The accelerated electron charge becomes 26 pC when the laser spot size r is 15 jum.
The transvers J3s of the accelerated electrons are shown in Fig. 6 (b) . The maximum value is 0.019 and the angular spread of the electron is 19 mrad for a longitudinal j3 of 1. The emittance of the accelerated electrons becomes 0.28 mm mrad when the laser spot size r is 15 j
CONCLUSIONS
In order to investigate the laser-wakefield excited by an intense laser pulse in plasma, we study the measurement of the laser wakefield and the optical injection by the laser wakefield.
We made the first direct observation of coherent ultrahigh gradient wakefields excited by an intense ultrashort laser pulse in a gas-jet plasma with a density around 7 x 10 amplitde of 20 GV/m was observed, showing fast damping in time from a few oscillation periods to ten periods. These measured wakefield parameters are quite consistent with the neutral gas density measurements and wakefield theory. The experimental results are compared to a ID particle in cell (PIC) simulation. The experimental results and the simulated results agree with linear theory.
We will develop an optical injection system for laser accelerators to generate high quality electron beams using a gas jet and the pump-probe technique on a compact scale. Three laser pulses, a pump pulse for a wakefield excitation and two injection pulses for trapping the electrons in a plasma, make up a colliding optical injector. The problems of optical injection, which are the frequency shift and the timing between the Spulses, can be solved by the FDI system and the anomalous blueshift. For the three pulse optical injection case, the energy spread is less than 10% at the energy of 7 MeV. The accelerated electrons have the pulse width of 14 fs. When we make an assumption that the laser spot radius is 15 jum, the accelerated electron charge and the emittance become 26 pC and 0.28 mm mrad, respectively.
